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NADC-78139-60 Group at the University of Wyoming for over four years. This research was initiated in response to a need to determine the engineering constants of the resin for use in a micromechanics analysis of composite materials being developed at that time by the Composite Materials Research Group [1] .
Static tension and torsion tests were conducted on Hercules 3501-6 neat epoxy specimens at ambient and elevated temperatures, for both dry and moisture-preconditioned specimens. Results from both the analytical and experimental work can be found in References [2] [3] [4] [5] [6] , among others. It was found during this work that the Hercules 3501-6 resin, a hot-melt system, is extremely difficult to cast in the neat (unreinforced) form. Difficulties in the casting process were overcome, however, and a method was found to mold this material. This method is described in Appendix A.
Research into the fatigue behavior of advanced composites has been and still is being actively conducted. Some of the more significant recent efforts include those of References [6] [7] [8] [9] [10] , among others. A detailed literature survey is given in Reference [6] . However, at the time the present investigation was initiated, and to the present time, relatively little has been done to characterize the fatigue behavior of the neat resin itself. The objective of the present work, therefore, was to characterize the fatigue behavior of Hercules 3501-6 neat epoxy resin by determining 1 NADC-78139-60 the strength versus number of cycles (S-N) curves of the material under tension-tension, compression-compression, and non-reversing torsion loadings.
Effects of moisture-preconditioning and variations in cycling rate were also studied.
A series of tests were run to generate static and fatigue data. Strength versus number of cycles (S-N) curves were generated for tension-tension and compression-compression loadings. Unfortunately, equipment limitations did not permit the performance of torsion fatigue tests; however, static tests were performed. A number of tension and torsion specimens were preconditioned for 6 months in a 65°C., 98% R.H. environment, then used to measure static tension and torsion shear strengths, and to establish a tensile fatigue S-N curve.
Unless otherwise noted, all fatigue testing was performed at 5 cycles/ sec. (5 Hz). A small number of dry tensile specimens were cycled at faster rates, i.e., 15 and 30 Hz, to examine the effect of cyclic rate on S-N behavior. Residual strength tests were also performed for the tension and compression loading modes. Failed specimens from the static tests were examined in a Scanning Electron Microscope (SEM) in an effort to identify failure modes.
Summary
To summarize the results of this program, it was found that the average static strengths for tension, compression, and torsional shear loadings were 58. 
Specimen Configurations
Casting the Hercules 3501-6 epoxy into neat resin specimens of consistent quality has been a difficult barrier to measuring the engineering properties of this material system. This hot-melt resin is subject to large amounts of outgassing during processing, making the casting of voidfree shapes difficult. The method developed at the University of Wyoming and used to prepare specimens for this program is described in Appendix A. Fatigue testing was performed in an Instron Model 1321 servohydraulic testing machine using a stress ratio of R=0.1 and a cyclic rate of 5 Hz.
A set of 4 dry tensile specimens were also tested at 15 and 30 Hz.
A linear regression technique was used to find an equation of the form S = A log N + B to describe the fatigue behavior for each loading mode s 6 NADC-78139-60
where S is peak stress, N is number of cycles, and A and B are constants, to be determined from the data. These equations were then used to establish the conditions for the residual strength tests, i.e., in predicting the peak stress at which specimens had to be cycled in order to expect failure at 10 2 , 10^, or 10 6 cycles. Specimens were cycled at 80 percent of these predicted stresses for the required number of cycles, then statically loaded to failure.
NADC-78139-60 From the first two residual strength points it would seem that tensile cycling did produce some sort of progressive damage in the specimens as the residual strength tends to decrease with increasing cycling. However, the high residual strength value at 10 6 cycles contradicts this trend, although it is but one isolated data point.
Four higher cyclic rate fatigue tests were performed at a peak stress of 41 MPa (5.9 ksi), the stress level estimated to cause failure at 10^
cycles. Two specimens, indicated by squares, were cycled at a rate of 15 Hz; two specimens, indicated by diamonds, were cycled at 30 Hz. As can be seen by these four tests, an increase in cyclic rate appears to produce a definite reduction in fatigue life. The two specimens cycled at 15 Hz failed after 1550 and 2050 cycles, instead of the predicted 10 4 cycles.
The two specimens tested at 30 Hz failed after only 190 and 370 cycles.
Moisture Effects
A series of tensile static, fatigue, and residual strength tests were also performed on specimens which had been preconditioned for 6 months in a 65°C, 98% R.H. environment. Results of these tests are shown in Figure 5 . As can be seen in Figure 5 , the average static tensile strength of these moisture-preconditioned specimens was 45 MPa (6.6 ksi), as in- possibly due to a relaxation of end effect stress concentrations and even internal stresses during cycling, which would result in a residual strength after cycling which is greater than the static strength.
Torsion Static Results
It was originally intended to obtain the shear S-N fatigue behavior of the Hercules 3501-6 epoxy also, by performing a series of torsion fatigue tests. However, it was discovered that the lowest loading range of the Instron Model 1321 testing machine which was available was not low enough to accurately test the 6.3 mm (0.25 in) diameter specimens which had been fabricated. Thus, the torsion fatigue tests could not be completed and only static test results are available. In future work, use of larger diameter specimens will resolve this problem.
Static torsion shear tests were performed on both dry and moisturepreconditioned specimens. Average results for these tests are presented in Table. 1. The complete data are included in Table B Shear stresses for these tests were corrected for nonlinearity in the torque versus angle of twist curves. The equations used to calculate the shear stresses and shear strains are: The derivation of these equations is presented in Reference [11] .
As can be seen in Table 1 Region "B" from Figure 7 is shown in Figure 9 , magnified 100X. At this point the appearance of the failure surface changed from that shown in Figure 8 to the rippled appearance shown in Figure 9< It would appear that failure due to tensile loading could be a mixed mode, probably due to combined tension and shear.
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Tensile Failure Surface From Region B of Figure 7 , 100X
Torsion failure surfaces as shown in Figure 10 exhibited rippled features similar to those previously shown (in Figure 9 ) for tension.
The photograph for Figure 10 was taken near the edge of the solid rod specimen, which would be the point of maximum shear stress in a torsion test. The circular edge of the specimen is evident in Figure 10 . However, torsion specimens failed in spiral fractures on angled planes which would indicate tension failure modes to be important.
Compression failures were on planes at approximately 45° angles from the loading direction (the planes of maximum shear stress), indicating a probable shear failure mode. In examining the failed compression NADC-78139-60
FIGURE 10
Torsion Shear Specimen Failure Surface, 100X specimens, the same rippled appearance was observed as was seen in torsion and tensile specimens. A compression failure surface is shown in Figure 11 .
From the failure surface examinations it would appear that the compression specimens failed in a primarily shear-dominated mode, as would be intuitively expected. Tensile specimens failed due to a tensile failure mode, but some evidence of a second failure mode was also present.
Torsion specimens exhibited the same rippled failure surface as seen in the tension and compression specimens. However, it is not clear whether this is due to tensile or shear stresses or a combination of both. 1. Hercules 3501-6 epoxy resin can be cast to form test specimens of consistently good quality. However, this fabrication is more art than science at this time.
2. Fatigue S-N behavior for tension-tension and compression-compression loading modes is of the form S = A log N + B.
3. Tensile fatigue strength of dry specimens decreases from an average static value of 59 MPa (8.5 ksi).
Tensile fatigue strength of moisture-preconditioned specimens decreases
at the same rate as in dry specimens, but at a peak stress level which is approximately 20 percent less than that for dry tensile specimens.
Static shear strength is also reduced approximately 20 percent by absorbed moisture. Two different ovens were required during the procedure, a vacuum oven and an air circulating oven. Unless otherwise stated, heating of molds and resin was carried out in the air circulating oven to maintain consistent, even temperatures. The casting procedure is as follows:
1. In a shallow wide pan, melt the required quantity of resin in a vacuum oven (no vacuum yet).
2. When the resin is melted, begin pulling a vacuum. The resin will tend to foam and over-flow the pan, this can be controlled by partially releasing the vacuum, still continuing to pump.
3. Continue to maintain vacuum until the resin bubbles break and the foam subsides. The resin, although still bubbling, will be clear.
Release the vacuum. Several pitfalls exist which could interfere with successful molding.
First, all equipment should be kept clean; acetone works well for disolving uncured resin. Release agents must be used on the steel molds to prevent adherence of the resin; however, excess release agents will outgas, forming bubbles in the casting. It helps to bake the molds at 150°C or so after applying release agents. Two release agents were used in this procedure, 
